Abstract The transport of warm, saline subtropical water to the subpolar gyre (SPG) in the North Atlantic has been the subject of a range of Lagrangian studies, establishing intergyre exchange on timescales of 2-7 years, with greater subsurface throughflow. Here calculating particle trajectories in a high-resolution, global hindcast, we present new evidence for a direct, subsurface pathway to the SPG from the Gulf Stream (GS) on subannual timescales. The pathway is most evident for particles initially at 200-m depth in the GS and is enhanced after a prolonged period of positive North Atlantic Oscillation. This occurred in the mid-1990s and led to warming and salinification of the western SPG consistent with observations. The more realistic advective pathways and timescales in the high-resolution model enable, for the first time, attribution of temperature and salinity changes in the SPG to a direct influx of GS water.
Introduction
Pathways between the North Atlantic subtropical gyre (STG) and subpolar gyre (SPG) have been the subject of a wide range of observation and model-based studies (e.g., Brambilla & Talley, 2006; Burkholder & Lozier, 2011; Burkholder & Lozier, 2014; Foukal & Lozier, 2016; Hakkinen & Rhines, 2009; Rypina et al., 2011) . Within an Eulerian framework, about 20 Sv of Gulf Stream (GS) water continues as the North Atlantic Current (NAC; Johns et al., 1995) . However, this has been disputed by observational and modeling Lagrangian studies that show few surface trajectories from the STG reaching the SPG (e.g., Brambilla & Talley, 2006; Foukal & Lozier, 2016) . Brambilla and Talley (2006) found only 1 of 273 surface drifters flowing through a near-GS box during 1992-2002 reached the Nordic Seas. In a recent study, less than 0.01% of modeled surface trajectories were able to cross 53°N after 5 years (Foukal & Lozier, 2016) .
Greater intergyre exchange has been found in subsurface pathways beneath the climatological mixed layer (Burkholder & Lozier, 2014; Foukal & Lozier, 2016) with an optimum depth in the STG interior of 700 m (Burkholder & Lozier, 2011) . The apparent surface layer "barrier" is thought to be due to a combination of factors including southward Ekman transport (Brambilla & Talley, 2006 ) and a strong potential vorticity gradient across the GS core, associated with a large horizontal density gradient (Bower et al., 1985) . These factors weaken with depth, enabling more intergyre exchange than at the surface but on relatively long timescales of up to 7 years when tracer particles are released in the STG interior (e.g., Burkholder & Lozier, 2011) . Rypina et al. (2011) found that this timescale can be reduced to within 2 years for surface particles released in the main GS core, which suggests that at the subsurface, a more direct pathway may exist.
Here we present novel evidence for a subannual (4 months to 1 year) subsurface pathway from the GS to the SPG. Our experiment design is distinct from other studies in that all particles are released in the GS before it ©2019. The Authors. This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited.
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Key Points:
• Rapid (<1 year) subsurface pathway from Gulf Stream to subpolar gyre is identified for the first time using targeted particle tracking • Pathway is most evident for particles initially at 200-m depth and is enhanced after a positive phase of the North Atlantic Oscillation • Western subpolar gyre warming and salinification since the 1990s attributed to anomalous advection via the new pathway Supporting Information:
• Supporting Information S1
• Figure S1 • Figure S2 • Figure S3 Correspondence to: separates from the coast. This approach samples the direct and rapid intergyre pathway. We also show that positive North Atlantic Oscillation (NAO) conditions led to an enhancement of this pathway, enabling the transport of an anomalously large amount of subtropical waters northward to the SPG from the late 80s to the late 90s. The highest rate of throughput occurred to the western SPG via a deeper than normal pathway (see below), leading to positive temperature and salinity anomalies in the region.
In section 2, the model hindcast and Lagrangian methods are described. The main results are presented in section 3 including identification of rapid GS pathways at different depths (section 3.1), interannual variability of the throughput to the SPG (section 3.2), and interdecadal variability of the properties of water reaching the SPG between the 1990s and 2000s. Section 4 provides a summary and conclusions.
Materials and Methods
Nucleus for European Modelling of the Ocean Model
This study utilizes a global ocean hindcast spanning 1978-2010, with the eddy-resolving ORCA12 configuration of the ocean model Nucleus for European Modelling of the Ocean (Madec, 2015) , which is initialized from rest using the World Ocean Atlas 2005 climatological fields Locarnini et al., 2006) . The ORCA12 configuration comprises horizontal resolution of (1/12)°and 75 vertical levels, with finer near-surface grid spacing. Surface forcing is provided by the DFS4.1 data set (see Blaker et al., 2015 , and references therein), which includes monthly mean precipitation and 6-hourly means of 2-m air temperature/humidity and 10-m wind velocity. With high fidelity in surface forcing and high spatial resolution, the hindcast compares favorably with observations, that is, surface currents, sea surface temperature, eddy activity, and GS position (Marzocchi et al., 2015) . Realistic advective timescales and dispersion are associated with well-resolved boundary and inertial currents, and realistic eddy statistics, in ORCA12 Marzocchi et al., 2015; Moat et al., 2016) .
Model results are compared with the observational data set EN4 (Good et al., 2013) in section 3.3. Original data sources of EN4 include the World Ocean Database (WOD; Boyer et al., 2009) , the Global TemperatureSalinity Profile Programme (from 1990), and Argo profiling floats. After undergoing quality control, the data are objectively analyzed onto a 1°grid with 42 vertical levels for each month from 1900 to the present (see Good et al., 2013 for details).
Lagrangian Experiments
The hindcast provides input data for particle tracking calculations, using Ariane, an offline mass-preserving Lagrangian scheme (Blanke & Raynaud, 1997) . Experiments are run using multiple point particle releases into the 5-day mean velocity fields of ORCA12 (e.g., Popova et al., 2013) . Particle trajectories are subject to 5-day updates of the velocity field, a "stepwise stationary" scheme (Döös et al., 2017) . While a higher temporal resolution may capture the eddy variability more fully, 5-day means are in line with CMIP6/OMIP protocol (Griffies et al., 2016) . Time interpolation of the 5-day averages would potentially reduce errors in particle trajectories; this interpolation is not implemented in Ariane, but such errors are limited by our use of a large ensemble as shown by Döös et al. (2017) . The advected particles characterize and quantify selected features of the ocean circulation from a Lagrangian perspective, recording water mass properties along trajectories.
A total of 30 experiments were performed, one for each year from 1980-2009 (avoiding potential spin up issues in the first few years), with particles released at the beginning of each month throughout each year (12 releases per year) and at five different depths to sample the upper water column: 10, 50, 100, 200, and 300 m resulting in a total of 60 releases per experiment (supporting information Figure S1 ). Each "annual" experiment is run for a total of 2 years to ensure that every monthly release has a minimum run time of 1 year, that is, January releases run for 2 years and December releases for 13 months. Starting in the core of the GS, while ensuring that we sample eddy variability, 400 particles are initiated in a single~10-km grid box (where they are uniformly distributed in longitude and latitude) in the Florida Straits at 26°N, 80°W, for each individual release (i.e., per month and per release depth, which results in 400 × 12 × 5 particles per experiment). This experimental design is distinct from other studies in that the release location has been chosen such that all particles directly enter the GS before separation from the coast around Cape Hatteras.
The GS water can continue northeast as the NAC into the SPG, east as the Azores Current, or recirculate to the south or to the north (Schmitz, 1996) . In order to quantify the variability in its downstream destination, we define five regions into which the GS water has entered via one of the main pathways after bifurcation. These are the Northwest Corner (NWC), SPG, eastern STG, the Slope Water (SW), and the western STG (WSTG; see Figure 1a ). Particles entering the SPG via the NAC are defined as crossing 50°N, those in the WSTG as being south of 40°N and west of 35°W, and those in the SW as north of 40°N and west of 55°W, while those that have continued east in the Azores Current have entered the wider eastern STG recirculation, south of 50°N and east of 35°W.
Results
Depth Dependence of Pathway
Variability of GS pathways with depth and time is evident in Figure 1 , which shows the average percentage of particles in each of the defined regions, for each depth after 4 months (Figure 1b ), 8 months (Figure 1c ), After 4 months, considering all depths, less than 1% of particles have crossed the boundary into the SPG. The majority (55-76%, depending on depth) remain in the WSTG, but a substantial percentage (5-15%) are already in the SW and in the NWC (10-25%). As release depth increases to 200 m, fewer particles remain in the WSTG and more are in the SW or the NWC. After 8 months, a significant proportion of the particles make it to the SPG, with increased throughflow at greater depths (6% at 10 m and 17% at 200 m). By 300 m, there is a slight reversal in this trend, likely due to a reduced current speed at this depth.
After 1 year, 72% of particles released at 10 m reside in the WSTG, which identifies it as the most favorable GS pathway at this release depth. This value decreases to 55% at 200 m and is compensated by a greater proportion of particles traveling to the SPG via the NAC pathway. For the 200-m release, 36% of all particles reach the SPG after 1 year, while this value is less than 10% when released near the surface (10 m). However, this may be underestimated as the particles are released slightly eastward of the main GS core (supporting information Figure S1 ). This implies that subsurface trajectories, that is, those residing on a denser isopycnal, are more likely to reach the SPG, which agrees with previous findings (e.g., Burkholder & Lozier, 2011; Foukal & Lozier, 2016) . However, these studies are associated with longer timescales (4-5 years) to enable eventual entrainment into the GS when released in the WSTG. Here we determine, for the first time, the timescale of the direct GS pathway (less than 1 year). This is highlighted in Figure 1e , which shows the gradual progression of particles reaching the SPG from 4-12 months via the direct subsurface pathway. This value increases to about 50% by 16-17 months where it stabilizes until 24 months, shown for January releases in supporting information Figure S3 .
At all time periods up to 1 year, most particles reside in either the WSTG or the SPG, which implies that these are the two main GS pathways at all depths. We note here that the WSTG will include particles that remain in the main GS, but this will only affect the results in the first month or so as shown by the mean particle age in Figure 1f .
To summarize, our results indicate a depth dependence of the GS to SPG pathway, with greatest throughflow efficiency at 200 m. They provide the first evidence for a direct subsurface pathway between the GS and the SPG on timescales as short as 4 months. The identification of a subsurface pathway on such short timescales builds on prior findings that were concerned with routes from the STG interior (Burkholder & Lozier, 2011; Burkholder & Lozier, 2014; Foukal & Lozier, 2016) . For example, Burkholder and Lozier (2011) found a timescale for particles reaching the SPG of 2-to 7-year timescales when released in the STG interior at 700 m. Our results indicate an additional "window" of interconnectivity such that some STG water can reach the SPG on much shorter timescales than has been found in previous Lagrangian model studies with timescale depending on proximity to the GS.
Interannual to Interdecadal Variability of Subsurface Pathway
The interannual variability of the 200-m subsurface pathway to the SPG for each month is evident in Figure 2a , which shows the percentage of trajectories reaching the SPG. A steady increase is evident from the 1980s to the mid-1990s, followed by a decline until 2009. This is potentially related to evolution of the winter NAO, which is displayed in Figure 2b alongside the winter (December-February [DJF]) average throughput to the SPG. The positive NAO phase dominates the late 1980s until 1995 and is followed by a more neutral period that was punctuated with several sharp NAO negative years (e.g., in 1996 and 2010). The percentage of DJF-release trajectories reaching the SPG is significantly correlated, to the 95% confidence interval (assessed by calculating the effective number of degrees of freedom from Bretherton et al., 1999) with the NAO index at a 2-year lag (r = 0.48). This indicates that the surge of GS waters into the SPG in the early 1990s may be a response to the persistently positive phase of the NAO in much of the 1980s. However, the NAO affects many aspects of the ocean circulation (see details below), so the specific mechanisms controlling this relationship are complex and should be the focus of future studies.
Several previous studies have addressed how the NAO influences the SPG with clear distinctions between the eastern and western halves (e.g., Herbaut & Houssais, 2009; Robson, Sutton, Lohmann, et al., 2012; Sarafanov, 2009 ). Having established a direct pathway that influences the western half of the SPG, that is our regional focus here. During positive NAO winters such as 1988-1995, there was a greater heat loss over the Labrador Sea due to strengthened Westerlies, which intensified deep convection and lead to a greater formation of Labrador Sea Water (Hurrell et al., 2003) . This caused anomalously cold and fresh anomalies to prevail at intermediate levels in the western SPG (Sarafanov, 2009 ). However, after prolonged periods of positive NAO the increased deep water formation leads to an intensification of the Atlantic meridional overturning circulation (AMOC; Dong & Sutton, 2005; De Coëtlogon et al., 2006; Eden & Willebrand, 2001; Lohmann et al., 2009; Robson, Sutton, Lohmann, et al., 2012) . These AMOC changes are seen in reanalyses and models (Böning et al., 2006; Grist et al., 2010) and lead to an anomalously warm western SPG (Robson, Sutton, Lohmann, et al., 2012) . We note here that the mid-1990s AMOC spin up is consistent with our results of increased particle through flow to the SPG (Marzocchi et al., 2015) .
In Figure 3 , we present statistics for the average (200 m) pathways of trajectories traveling to the SPG during the periods 1992-1999 and 2000-2007 , hereby referred to as the 1990s and 2000s, which represent periods of increased and decreased flow to the SPG, respectively. Figures 3a and 3b reveal very little difference in the average latitude between the two periods. During the 1990s, the pathway was slightly further north from about 140-250 days, but this is likely due to a shorter transit time compared with the 2000s. However, there is evidence that the GS is in a more northward position during the 1990s, from about 80-70°W (supporting information Figure S2 ), which may have encouraged a greater proportion of trajectories to take the SPG pathway.
When there is a greater through flow to the SPG during the 1990s, the trajectories follow a deeper pathway after about 25 days with trajectories arriving up to 40 m deeper, on average, than in the 2000s (Figure 3c ). Overall, during the 1990s, more trajectories remained at greater depth, and therefore on a denser isopycnal, after separation from the coast at Cape Hatteras, which favored increased flow to the SPG. This is confirmed in Figure 3d , which shows that trajectories follow a denser (by up to 0.2 kg/m 3 ) pathway during the 1990s.
From 25-200 days, the mean pathway is cooler by up to 1°C (Figure 3e) . However, the temperature during the two periods is comparable after day 200. In contrast, the salinity prior to 150 days is similar during both periods but then begins to diverge, with a more saline path during the 1990s (Figure 3f ).
The difference in trajectory density is likely due to competing effects of temperature and salinity with temperature being dominant from 25-150 days and salinity dominating thereafter. Figure 3d reveals that the trajectories released in the 1990s begin on a denser isopycnal when released in the Florida Straits. This could also explain the greater throughput to the SPG during this decade with trajectories residing on a denser isopycnal more likely to reach the northward side of the GS and travel directly to the SPG, where they continue to cool and increase their density.
Warming and Salinification of the Western SPG
An example of contrasting monthly trajectory maps, October 1992 and 2009, is displayed in Figure 4a . These releases were selected as they are from the years that exhibit the greatest and least throughput to the SPG, respectively. In 1992 (red), trajectories extend further into the SPG in all directions, compared to the trajectories for 2009 (blue), but most notably in the western SPG.
To quantify these differences, a trajectory density is obtained by spatially averaging the number of trajectories passing through each grid cell on a 1°grid. This is time averaged over the high throughput period (1990s) and the low throughput period (2000s) with the difference taken between them (high-low) to give a composite difference. This is shown in Figure 4b , which reveals a positive anomaly in much of the area north of 45°N. In contrast, a negative anomaly exists over much of the STG, notably to the immediate south of the GS core. This provides further evidence that during the 1990s, more subsurface GS trajectories travel north in the NAC as opposed to recirculating in the STG. Specifically, up to 200 more particles per grid cell flow into the western SPG during the earlier period with the greatest anomalies evident in the western SPG region spanning 50-55°N, 45-35°W. Figure 4c shows that the trajectories in the western SPG were up to 1°C warmer in the 1990s. This contrasts with evidence in Figure 3e for similar average temperature for the two periods after about 200 days. However, this is averaged across the entire SPG where the warm anomalies in the west are counterbalanced by cold anomalies in the east. Additionally, Figure 4d shows anomalously saline waters, up to 0.2 psu, exist over much of the North Atlantic during the earlier period. However, the western SPG exhibits a greater anomaly compared to the rest of the SPG. This implies that the anomalously warm and saline waters seen in this region are a consequence of the greater influx of GS waters. (Figure 2a ) but with a lag of 2 years (r = 0.67). This result builds on prior studies that found that an increased meridional heat transport, as opposed to surface heat fluxes, was responsible for the SPG warming in the mid-1990s (e.g., Robson, Sutton, Lohmann, et al., 2012; Yeager et al., 2012 ). Here we provide evidence for the first time that this warming was conveyed to the SPG via a direct subsurface GS pathway. Additionally, the warming found here occurred at the same time as observations, which is faster than in previous studies with models of coarser horizontal resolution (e.g., Stepanov & Haines, 2014) . The faster response is likely due to the more realistic advective pathways and timescales in ORCA12.
Conclusions
Here we have used a high-resolution ocean model and particle trajectory calculations to reveal the existence of a rapid subsurface pathway between the GS and the SPG on timescales of less than a year. The identification of a subsurface pathway on such short timescales is a significant development from previous work that focused on routes from the STG interior (e.g., Brambilla & Talley, 2006; Burkholder & Lozier, 2011; Foukal & Lozier, 2016; Rypina et al., 2011) . Our results indicate an additional window of interconnectivity and that some STG water can reach the SPG on much shorter timescales than has been found in previous Lagrangian model studies with timescale depending on proximity to the GS. The importance of a fast subtropical-subpolar pathway at 200 m-in contrast to the deeper, slower pathway of Burkholder and Lozier (2011) -is supported by a proposal that "eddy cancellation" of Ekman pumping in STGs may limit particles from downwelling below 200 m (Doddridge et al., 2016) .
We also find evidence that this subsurface pathway is enhanced from the mid-80s to the mid-90s, which may have resulted from a period of a sustained positive NAO index and associated changes in the large-scale circulation. However, this relationship is complex as the NAO affects many aspects of the circulation and should be further scrutinized. The anomalously large transport of subtropical waters to the SPG via the GS is in agreement with an observed increase in NAC transport over this period (Curry & McCartney, 2001 ). This enhanced meridional transport to the SPG can thus be attributed to anomalous subsurface GS flow. A consequence of this enhanced pathway was a warming (up to 1.1°C) and salinification (up to 0.2 psu) of the western SPG, which was the site of the greatest throughput of particles 1 year after originating in the GS. The pathway was up to 40 m deeper during the period of enhanced throughflow, which enabled the particles to travel on a denser isopycnal.
The consistency between the mid-1990s subsurface warming seen in the model and observations, and its attribution to an increased proportion of GS water reaching the SPG, is of potential importance for the wider circulation. In particular, the advection of heat and salt fluxes to SPG will likely influence subsequent deep convection and, consequently, the strength of the AMOC. As well as the physical consequences there are potential biological implications as warming of the western SPG may impact temperature-sensitive species such as Atlantic cod (Drinkwater, 2005) . Our results strongly indicate that subtropical-subpolar connectivity on subannual timescales is a key element of the Atlantic climate system that needs to be resolved in ocean and climate forecast systems.
